Post-transcriptional control of the expression of the 1-aminocyclopropane-1-carboxylate synthase (ACS) gene family is important for maintaining appropriate levels of ethylene production. However, the molecular mechanism underlying the post-transcriptional regulation of type 3 ACS proteins remains unclear. Multiple sequence alignment revealed that the N-terminus of type 3 ACSs was longer than that of other ACSs. Fusing the N-terminal 54 residues of ACS7, the sole type 3 ACS in Arabidopsis, to the β-glucuronidase (GUS) reporter significantly decreased the stability of N 7(1-54) -GUS fusion protein. Among these 54 residues, residues 1-14 conferred this negative effect on the GUS fusion gene. Consistently, a truncated form of ACS7 lacking residues 1-14 was more stable than full-length ACS7 when transgenically expressed in Arabidopsis and led to a more severe ethylene response phenotype in the light-grown transgenic seedlings. Interestingly, the ACS7 N-terminus had no effect on the stability of N 7 -GUS and ACS7 proteins at the etiolated seedling stage. Both exogenous 1-aminocyclopropane-1-carboxylic acid (ACC) treatment and salt stress could rescue the levels of accumulation of N 7 -GUS fusion protein in light-grown seedlings. These results suggest that the non-catalytic N-terminus of ACS7 is involved in its own post-translational regulation. The proteasome inhibitor MG132 suppressed degradation of full-length ACS7 in vivo, but had little effect on the N-terminal truncated form of ACS7, indicating that the N-terminus mediates the regulation of ACS7 stability through the ubiquitin-26S proteasome pathway.
Introduction
The gaseous phytohormone ethylene is an important regulator of plant growth and development processes, including seed germination, cell elongation, sex determination, fruit ripening, leaf and flower senescence, and organ abscission. It also regulates plant responses to biotic/abiotic stresses, such as wounding, salt, drought, flooding, and pathogen attack (McManus, 2012) . Therefore, ethylene production is tightly regulated in plants by a variety of developmental and environmental cues (Argueso et al., 2007) .
The biosynthetic pathway of ethylene has been extensively studied and well documented (Yang and Hoffman, 1984) . The first committed and, in most instances, the ratelimiting step in ethylene biosynthesis is the conversion of S-adenosylmethionine (SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC synthase (ACS). ACS is encoded by a multigene family in all plants examined (McManus, 2012) . Based on their non-catalytic C-terminal sequences, ACS proteins are classified into three types: type 1 ACS isozymes have long tails that contain one target site of calcium-dependent protein kinase (CDPK) followed by three phosphorylation sites of mitogen-activated protein kinase (MAPK); type 2 ACS isozymes have shorter tails that only carry the CDPK phosphorylation site; and type 3 ACS isozymes have the shortest C-termini and lack both phosphorylation sites (Argueso et al., 2007) . The Arabidopsis genome contains nine authentic ACS genes (Yamagami et al., 2003) . ACS1, ACS2, and ACS6 are type 1 ACS isozymes, ACS4, ACS5, ACS8, ACS9, and ACS11 are type 2, and ACS7 is the only type 3. Failure to obtain an ACS null mutant that produces no ethylene suggests that elimination of the entire ACS gene family results in embryonic lethality (Tsuchisaka et al., 2009) , and highlights the crucial role of ACS in plant growth and development.
The expression of ACS genes is highly regulated at both the transcriptional and post-transcriptional levels. At the post-transcriptional level, regulation is associated with the C-terminus of ACS proteins. Phosphorylation/dephosphorylation of the C-terminal domains of the type 1 ACS proteins regulates their degradation through the ubiquitin-26S proteasome pathway. Phosphorylation of ACS2 and ACS6 by stress-responsive MAPKs (MPK3 and MPK6) causes these ACS isozymes to accumulate, increasing their cellular activity and enhancing ethylene production (Joo et al., 2008) . Meanwhile, protein phosphatase 2A (PP2A) complexes containing the ROOTS CURL IN NPA1 (RCN1) scaffolding subunit directly interact with and dephosphorylate the C-terminus of ACS6 and negatively regulate its activity and accumulation (Skottke et al., 2011) . Type 2 ACS isozymes are recruited by the broad complex/tramtrack/bric-a-brac (BTB) proteins ETO1 (ETHYLENE OVERPRODUCING-1), EOL1 (ETO1-like 1), and EOL2 for ubiquitin-dependent proteolysis (Wang et al., 2004; Christians et al., 2009) . The CDPK target motif of type 2 ACS proteins can also be phosphorylated, but the kinase(s) involved in this process and the role of phosphorylation in regulating protein accumulation have not yet been established (Hernández Sebastià et al., 2004) . Recent studies reported that 14-3-3 proteins could interact directly with all three types of ACS proteins to increase their stability in Arabidopsis (Yoon and Kieber, 2013a, b) .
ACS7, the only type 3 ACS present in Arabidopsis, has a broad expression profile during plant growth and development. Its expression is regulated by multiple hormonal and environmental stimuli (Tsuchisaka and Theologis, 2004; Wang et al., 2005; Achard et al., 2006) . The C-terminal non-catalytic domain of ACS7 consists of only 23 amino acids and lacks the regulatory motifs found in type 1 and type 2 ACS proteins. It has been reported that ACS5
eto2 , a version of ACS5 in which the C-terminal 12 amino acids are disrupted, is more stable than wild-type ACS5 because of a much longer half-life (Chae et al., 2003) . Thus, it is speculated that ACS7 may have a specific post-translational regulation mechanism instead of being regulated via the C-terminal domain. A recent study demonstrated that ACS7 is also turned over in a 26S proteasome-dependent manner and that its degradation requires the RING type E3 ligase XBAT32 (for XB3 ortholog 2 in Arabidopsis thaliana) (Lyzenga et al., 2012) . However, the sequences involved in the post-translational regulation of ACS7, such as the TOE (target of ETO1) motif in type 2 ACSs, have not been identified.
In this study, the molecular mechanism underlying the posttranslational regulation of type 3 ACS proteins was investigated. Sequence alignment of ACS members from different higher plant species revealed that all type 3 ACS proteins have longer N-terminal regions than the other two types of ACS isozymes. We demonstrated that the N-terminal 14 residues of ACS7, the sole type 3 ACS in Arabidopsis, mediate its degradation through the ubiquitin-26S proteasome pathway, and, furthermore, the N-terminus-mediated protein degradation was regulated by developmental and environmental cues.
Materials and methods

Plant materials and growth conditions
Arabidopsis ecotype Columbia-0 was used for all experiments.
For analyses of the expression levels of the fusion genes, 5-day-old etiolated seedlings and 9-day-old light-grown seedlings of ACS7: GUS, -GUS, ACS7: , ACS7 :N 7(1-14) - GUS, - GUS, ACS5:GUS, -GUS transgenic lines were sampled for histochemical β-glucuronidase (GUS) staining assay, and extraction of the total RNA or soluble proteins. Alternatively, 2-week-old seedlings grown on vertical plates, 25-day-old adult plants grown in soil, and the inflorescences of 46-day-old plants of ACS7: -GUS transgenic lines were sampled for histochemical GUS staining assay. To investigate the effects of different treatments on the expression levels of the fusion genes, 8-day-old light-grown seedlings of ACS7: GUS, - GUS, -GUS transgenic lines were transferred to 0.5× Murashige and Skoog (MS) plates containing 10 μM ACC (Sigma) or 175 mM NaCl (Sigma), or kept in darkness, for 24 h before sampled.
For phenotypic analyses of the transgenic Arabidopsis, 4-day-old light-grown seedlings of GVG:ACS7
FL -Flag and GVG:ACS7
Δ1-14 -Flag, and their corresponding GVG:GUS transformation controls, were transferred from the basal medium to 0.5× MS plates containing either 10 μM dexamethasone (DEX; Sigma; +DEX) or its solvent, ethanol (mock), and grown vertically for 13 d. The images were recorded with a scanner (Epson V30) at the indicated time points. Alternatively, 17-day-old soil-grown transgenic plants were sprayed daily with either 30 μM DEX or its mock solution containing 0.01% Tween-20 for 3 d. The phenotypes were recorded with a camera (Canon PowerShot G10) on the fourth day. For phenotypic analyses of their etiolated seedlings, transgenic seeds were sown on filter paper moistened with 0.5× MS liquid medium containing either 10 μM DEX (+DEX) or its solvent, ethanol (mock). The images were recorded with a scanner (Epson V30).
Constructs and plant transformation DNA fragments covering the 5'-flanking region and the sequence encoding the N-terminal 1-54 residues or 1-14 residues of ACS7 (-1216 to +162 or -1216 to +42) and 1-40 residues of ACS5 (−1238 to +120) were amplified from Arabidopsis genomic DNA by PCR, respectively. These fragments were inserted into a binary vector pCABMBIA1301 and fused to a GUS reporter gene to create recombinant transcription units, -GUS. To construct the ACS7: fusion gene, the coding region of GUS from the plasmid of the pCABMBIA1301 vector was fused with the sequence encoding the C-terminal 441-447 residues of ACS7, and inserted into the ACS7:GUS plasmid (Wang et al., 2005) by replacing the GUS gene.
For the generation of the ACS7 :N 7(15-54) -GUS construct, the DNA fragment covering the same 5'-flanking region of ACS7 and the initiation codon (-1216 to +3) was amplified from Arabidopsis genomic DNA. Meanwhile, a DNA fragment covering the sequence encoding the N-terminal 15-54 residues of ACS7 fused with the GUS gene was amplified from the plasmid of ACS7 :N 7(1-54) -GUS. Both fragments were inserted into pCAMBIA1301 by replacing the Cauliflower mosiac virus (CaMV) 35S promoter and GUS gene, respectively.
For the construction of the GVG:ACS7 FL -Flag unit, the 1341 bp full-length cDNA of ACS7 without the termination codon was amplified from Arabidopsis cDNA by reverse transcription-PCR (RT-PCR), then fused with the coding sequence of a single Flag tag at the 3' end and inserted into the GVG:GUS plasmid (Xu et al., 2011) by replacing the GUS fragment. Similarly, 1299 bp of the cDNA of ACS7, lacking the first 42 bp and the termination codon, was amplified and inserted into the plasmid of GVG:ACS7 FL -Flag by replacing the full-length ACS7 to generate the recombinant transcription unit, GVG:ACS7 Δ1-14 -Flag. These recombinant plasmids were transferred into Arabidopsis by the Agrobacterium-mediated floral dip method (Clough and Bent, 1998) . Recombinant transgenes in transgenic plants were confirmed by PCR genotyping. Homozygous plants were used for all experiments.
In the case of the construction of the ACS7 FL -His and ACS7
Δ1-
14 -His recombinant transcription units, DNA fragments covering 1341 bp (without the termination codon) and 1299 bp (lacking the first 42 bp and the termination codon) of the full-length cDNA of ACS7 were inserted into the vector pET22b (+), respectively. The detailed final maps of all the constructs are shown in Supplementary Fig. S1 available at JXB online. All primers used are listed in Supplementary Table S1 . The authenticities of all constructs were confirmed by DNA sequencing.
Histochemical GUS staining GUS histochemical staining of transgenic Arabidopsis plants was performed as described previously (Wang et al., 2005) . The image of blue-coloured whole plants was recorded with a scanner (Epson V30).
RNA isolation and RT-PCR analysis of gene expression
RNA extraction, cDNA synthesis, and RT-PCR analysis were done as described previously (Dong et al., 2011) . Total RNA was extracted by a Trizol-based method, and residual genomic DNA was digested with RNase-free DNase I (TaKaRa). The absence of DNA contamination was determined by PCR with no reverse transcriptase added to the reaction. First-strand cDNA was synthesized from 1.0 μg of total RNA using AMV reverse transcriptase (Promega). cDNA samples diluted 10-fold were used as PCR templates. Quantitative RT-PCR was performed using SYBR Green Perfect mix (TaKaRa) on an iQ5 machine (Bio-Rad). All reactions were performed under the following conditions: 95 °C for 2 min; and 40 cycles of 95 °C for 10 s and 56°C for 30 s. TIP41-like was used as an internal control. The relative levels of gene expression were calculated using the 2 -ΔCT method, where -ΔC T represents the C T value of the gene of interest minus the C T value of TIP41-like. Three independent repeats were performed to give the typical results shown here. All primers used are listed in Supplementary Table S1 at JXB online.
Protein extraction and immunoblot analysis
Seedlings were ground in liquid nitrogen and total soluble protein was extracted as described previously (Wang et al., 2005) . The concentration of protein extract was determined using the Bradford reagent (TIANGEN). Samples (10 μg) were separated by 12% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. The primary antibodies included anti-GUS (Sigma), anti-Flag (Sigma), and anti-β-actin (Abmart) antibodies. The secondary antibody was anti-rabbit or anti-mouse IgG (Abcam). Protein bands were visualized using a ECL Western Blotting Reagent Pack (USB) following the manufacturer's instructions. The images were recorded by a chemiluminescence imaging system (Tanon 5500). Data shown are representative of at least three independent experiments.
CHX-chase assay
Five-day-old etiolated seedlings or 9-day-old light-grown seedlings of ACS7: GUS, - GUS, - GUS, ACS5:GUS, -GUS transgenic lines were treated with 100 μM cycloheximide (CHX; Sigma). After incubation for the times indicated in the figures, total proteins were extracted for immunoblot analysis as described above. For ACC or NaCl treatment, the CHX (100 μM)-containing liquid medium was supplemented with 10 μM ACC or 175 mM NaCl, respectively.
To analyse the stability of full-length and N-terminal truncated ACS7 proteins in vivo, 3-day-old etiolated seedlings of GVG:ACS7
FL -Flag and GVG:ACS7
Δ1-14 -Flag grown on 0.5× MS plates containing 10 μM DEX or its solvent ethanol were transferred into liquid medium containing 1 mM CHX and incubated for the times indicated in the figures. Total soluble protein was extracted for immunoblot analysis. Alternatively, their 8-day-old light-grown seedlings were pre-treated with 10 μM DEX or its solvent ethanol for 10 h, and then incubated in the CHX (1 mM)-containing liquid medium for the indicated times. For MG132 treatment, DEXtreated GVG:ACS7
Δ1-14
Flag seedlings were incubated in the CHX (1 mM)-containing liquid medium supplemented with 100 μM MG132 (Sigma) or its solvent dimethylsulphoxide (DMSO) for 8 h.
Quantification of the signals from immunoblot analysis
Image J software (http://rsb.info.nih.gov/ij/, last accessed 11 May 2014) was used for quantification of the protein band intensities from immunoblots. To compare accumulation levels of the target proteins in different transgenic Arabidopsis lines, or to determine the effects of ACC, NaCl, MG132, or dark treatment on the stability of the target proteins, the intensities of the target protein bands were normalized to their β-actin control bands, respectively; and the values of the intensity ratio of the target protein band to the β-actin band in each lane were shown directly in the figures. To analyse the protein degradation rate in CHX-chase assay, the value of the intensity ratio between the target protein and the β-actin band at each time point was further normalized to the 0 time point, which was set to a value of 1.
Recombinant protein purification and in vitro ACS activity assay
The ACS7
FL -His and ACS7
Δ1-14 -His fusion proteins were expressed in Escherichia coli Rosetta 2 (DE3) pLysS and purified by affinity chromatography using a HisTrap FF column (GE Healthcare) according to the manufacturer's recommendations. Their ACS activity was assayed as described previously (Li and Mattoo, 1994) . The His-tagged protein purified from the E.coli strain carrying the pET22b (+) empty vector was used as a negative control. A gas chromatograph (Agilent 7890A) was used to measure the ethylene production, and the ethylene peaks were quantified by using an OpenLAB CDS ChemStation Workstation (Agilent). The enzyme activity of the purified protein was calculated as the amount of ACC converted from SAM per hour per microgram of protein based on an ACC standard curve. All observations were from at least three replicates. -Flag were sown in 12.3 ml gas chromatography vials containing 3 ml of 0.5× MS medium with either DEX (3 μM for GVG:ACS7 FL -Flag and 1 μM for GVG:ACS7 Δ1-14 -Flag, respectively) or its solvent ethanol. The vials were capped and exposed to white light for 6 h before incubation in darkness at 22 °C for 3 d. The accumulated ethylene was measured by gas chromatography as described above. Three biological replicates with at least two technical repeats were performed.
Measurements of ethylene emission
Accession numbers
Sequence data from this article can be found in the Arabidopsis Information Resource (TAIR) or GenBank/EMBL database under the accession numbers given in Supplementary Table S2 at JXB online.
Results
The long N-terminus of ACS7 negatively regulates the protein stability of a GUS reporter
Since the short C-terminus of ACS7 does not contain the motifs involved in the modulation of protein stability, experiments were carried out to try to identify regulatory segments via multiple sequence alignment of type 3 ACS proteins from different plant species with eight other functional ACS proteins from Arabidopsis (ACS2, ACS4-ACS9, and ACS11) (Fig. 1 ). Consistent with a previous report (Argueso et al., 2007) , these ACS proteins can be divided into three types based on their C-terminal sequences (Fig. 1B) . Notably, despite their short C-termini, all the type 3 ACS proteins have a longer N-terminal region than the other two types of ACS isozymes, especially compared with the type 2 ACSs (Fig. 1A) .
To test if the longer N-terminal region plays a role in the posttranslational regulation of type 3 ACS proteins, we generated in-frame fusions of N-terminal residues 1-54 (the region immediately upstream of the conserved catalytic fragment of the ACS family) (Yamagami et al., 2003) and C-terminal residues 441-447 (the fragment immediately downstream of the conserved catalytic fragment) of ACS7 with the N-or C-terminus of the GUS reporter in a construct driven by the ACS7 promoter [ACS7 :N 7(1-54) -GUS and ACS7: ], respectively ( Fig. 2A) . Both GUS histochemical assay and immunoblot analysis revealed that levels of the N 7(1-54) -GUS fusion protein were low in 9-day-old ACS7:N 7(1-54) -GUS transgenic seedlings, regardless of whether the transcript level of N 7(1-54) -GUS was higher or lower than that of GUS in the ACS7:GUS control ( Fig. 2B; Supplementary Fig. S2A at JXB online). In contrast, the protein level of in ACS7: transgenic seedlings changed in parallel with the changes of its transcript level ( Fig. 2B; Supplementary Fig. S2B ). Line 10 (L10) of ACS7 :N 7(1-54) -GUS and line 5 (L5) of ACS7:GUS, which expressed the GUS reporter at similar transcriptional levels (Fig. 2B) , were then selected as typical lines and used for further analyses.
CHX is an inhibitor of protein biosynthesis in eukaryotic organisms. A CHX-chase assay was used to investigate whether the N-terminal domain of ACS7 affects the protein level of N 7(1-54) -GUS by influencing protein stability, as described in the Materials and methods. It was found that the level of N 7(1-54) -GUS in CHX-treated ACS7:N 7(1-54) -GUS seedlings declined rapidly, with an up to 75% decrease in the intensity ratio of N 7(1-54) -GUS/β-actin by 1 h, as determined by immunoblot analysis (Fig. 2C) . In contrast, the decrease in the level of GUS protein in ACS7:GUS seedlings was much slower (Fig. 2C) , consistent with the long half-life of GUS reported previously (Jefferson et al., 1987) . No significant differences between transcript levels of ACS7:N 7(1-54) -GUS and ACS7:GUS fusion genes were detected during CHX treatment (data not shown). These results suggest that fusing the N-terminus of ACS7 to the GUS reporter decreases GUS accumulation at least partially by reducing protein stability.
Similar constructs of ACS5, a type 2 ACS isozyme, were generated ( Fig. 2A) , and the expression levels of ACS5:N 5(1-40) -GUS and ACS5:GUS in the transgenic Arabidopsis seedlings were analysed. Neither the transcript level nor the protein accumulation of GUS was affected by the N-terminus of ACS5 ( Fig. 2D; Supplementary Fig. 2C at JXB online). Moreover, the stability of N 5(1-40) -GUS determined by a CHX-chase assay exhibited no significant difference compared with that of the GUS protein (Fig. 2E) . 
The ACS7 N-terminus-mediated GUS degradation is regulated by developmental and environmental signals
The protein levels of N 7(1-54) -GUS were then measured at different developmental stages by histochemical staining. The blue colour in the light-grown ACS7:N 7(1-54) -GUS plants at all stages tested was much weaker than that of the ACS7:GUS control ( Fig. 2Bb; Supplementary Fig. S3 at JXB online). However, the decrease in GUS staining intensity in the 5-dayold etiolated seedlings of ACS7:N 7(1-54) -GUS was not so great (Fig. 3Aa) . This observation was confirmed by immunoblot analysis (Fig. 3Ab) . Quantitative PCR showed that the transcript level of N 7(1-54) -GUS in the etiolated ACS7:N 7(1-54) -GUS seedlings remained at approximately the same level as the GUS transcript level in the ACS7:GUS control (Fig. 3Ac) . Furthermore, CHX treatment revealed that N 7(1-54) -GUS protein was more stable in 5-day-old etiolated seedlings than in 9-day-old light-grown seedlings. Even after 4 h of treatment, the intensity ratio of N 7(1-54) -GUS/β-actin remained at 80% of that in the CHX-untreated control (Fig. 3Ad) . The stability of GUS exhibited no significant changes between light-grown and etiolated seedlings of the ACS7:GUS control (Fig. 3Ad) . These results suggest that the negative regulation of GUS protein stability by the N-terminus of ACS7 is inhibited at the etiolated seedling stage. The observation that dark treatment could not increase the accumulation of N 7(1-54) -GUS protein in the light-grown transgenic seedlings excluded the involvement of light/dark signal in this process ( Supplementary Fig. S4 at JXB online).
The transcriptional expression of ACS7 is thought to be autoregulated by ethylene (Wang et al., 2005; Tang et al., 2008) . Some environmental stimuli, such as salt stress, could also up-regulate ACS7 transcription (Wang et al., 2005; Achard et al., 2006) . To investigate whether ethylene and high salt also regulate the expression of ACS7 at the posttranslational level, -GUS seedlings, together with their ACS7:GUS control, were treated with 10 μM ACC or 175 mM NaCl, respectively. Histochemical -GUS fusion genes in the 5-day-old etiolated seedlings (A), and ACC (10 μM)-(B) or NaCl (175 mM)-treated (C) 8-day-old light-grown seedlings. The transcript levels of GUS and GUS fusion genes were analysed by quantitative RT-PCR and normalized to the internal control, TIP41-like (Ac, Bc, and Cc). Data are means ±SD from three replicates. Bars with the same letter are not statistically different (Student's t-test, P>0.05). The accumulation of GUS and GUS fusion proteins was detected by both histochemical GUS staining (Aa, Ba, and Ca) and immunoblot (Ab, Bb, and Cb; Ad, Bd, and Cd). β-Actin served as the loading control. In Ab, Bb, and Cb, numbers below the blot indicate intensity ratios between the GUS protein and the β-actin band in each lane. In Ad, Bd, and Cd, the intensity ratios were further normalized to time point 0 h, which was set to 1. (This figure is available in colour at JXB online.) staining and immunoblot analysis revealed that both ACC and NaCl treatments resulted in an obvious increase in the levels of GUS accumulation in the transgenic plants (Fig. 3B,  C, a and b) . To distinguish between the transcriptional and post-translational effects of ACC and salt stress, the CHXchase assay was used to compare the degradation rates of both fusion proteins. A remarkable decrease in the degradation rate of the N 7(1-54) -GUS fusion protein was found in the ACC-and NaCl-treated ACS7:N 7(1-54) -GUS transgenic seedlings, whereas the stability of GUS in ACS7:GUS seedlings was not changed (Fig. 3Bd, Cd) . These results suggest that the N-terminus-mediated degradation of ACS7 could be suppressed by ACC/ethylene and salt stress.
N-terminal residues 1-14 of ACS7 are essential for the post-translational regulation of ACS7 expression
Based on the sequence alignment (Fig. 1A) , the N-terminus of ACS7 can be divided into two subdomains. The first subdomain (residues 1-14) extends beyond the aligned N-terminal regions of type 2 ACS members, but has little amino acid homology among type 3 ACS members, while the C-terminal subdomain (residues 15-54) is highly conserved among all ACS members (Fig. 1A) . To assess whether both subdomains are involved in regulating the level of N 7(1-54) -GUS, we split the N-terminus of ACS7 into two parts between residues 14 and 15 and fused them to the N-terminus of GUS, respectively (Fig. 4A) . Both GUS histochemical assay and immunoblot analysis revealed a significant decrease in the level of N 7(1-14) -GUS accumulation in 9-day-old seedlings of all tested ACS7:N 7(1-14) -GUS transgenic lines (Fig. 4B) . In contrast, N 7(15-54) -GUS accumulation correlated with its transcript level in the ACS7:N 7(15-54) -GUS lines ( Fig. 4C; Supplementary Fig. S5 at JXB online). In line 4s (L4) of both ACS7:N 7(1-14) - -GUS, the fusion genes were transcriptionally expressed at approximately the same level as ACS7:GUS in the control, respectively (Fig. 4Ba, Ca) ; thus, these two lines were selected as typical lines for further analyses. - -GUS constructs. (B, C) The effects of fusing N-terminal residues 1-14 (B) or 15-54 (C) of ACS7 to the GUS reporter on mRNA and protein levels of the fusion genes. Nine-day-old transgenic seedlings of ACS7 :N 7(1-14) -GUS (L1, L4, L8, L10, and L13), ACS7 :N 7(15-54) -GUS (L3, L4, L5, L9, L10, and L12), and their transformation control ACS7:GUS (L5) lines were used in this analysis. The transcript levels of GUS and GUS fusion genes were analysed by quantitative RT-PCR and normalized to the internal control, TIP41-like (Ba and Ca). Data are means ±SD from three replicates. Bars with the same letter are not statistically different P>0.05) . The accumulation of GUS and GUS fusion proteins was detected by both histochemical staining (Bb and Cb) and immunoblot (Bc and Cc). β-Actin served as the loading control. CHX treatment assay revealed a relatively stable level of GUS accumulation in the ACS7 :N 7(15-54) -GUS seedlings, but the level of N 7 (1-14) -GUS in the -GUS transgenic seedlings declined rapidly (Fig. 4D) . The GUS staining pattern was similar in the ACS7 :N 7(1-14) - -GUS transgenic seedlings. Despite the much weaker blue colours in 9-day-old light-grown seedlings, the 5-day-old etiolated ACS7 :N 7(1-14) -GUS seedlings showed a similar level of GUS staining intensity to the ACS7:GUS controls. In addition, both ACC and NaCl treatments increased GUS accumulation in the ACS7 :N 7(1-14) -GUS seedlings compared with the untreated control ( Supplementary  Fig. S6 at JXB online). These results suggest that residues 1-14 of the N-terminus of ACS7 are essential for the posttranslational regulation of ACS7 expression.
The N-terminal 1-14 residues affect the protein stability rather than the enzyme activity of ACS7 in vivo
To test if the N-terminal 1-14 residues affect the stability of ACS7 in vivo, transgenic Arabidopsis expressing Flag-tagged full-length ACS7 and truncated ACS7, with residues 1-14 deleted, under the control of a DEX-inducible promoter (GVG:ACS7
FL -Flag and GVG:ACS7
Δ1-14
-Flag), were generated (Fig. 5A) .
We firstly determined whether deletion of residues 1-14 disrupts the enzymatic activity of ACS7. Full-length and truncated ACS7 fused with a 6× His tag were expressed in E. coli and purified for the test of ACS activity in vitro. Both ACS7
FL -His and ACS7
Δ1-14 -His exhibited a similar level of activity in converting SAM to ACC (Fig. 5B) . Besides, upon DEX treatment, both the etiolated GVG:ACS7
FL -Flag and GVG:ACS7
Δ1-14
-Flag transgenic seedlings displayed a strong triple-response phenotype, while the DEX-treated etiolated seedlings of the GVG:GUS transgenic control showed normal growth and development (Fig. 5C ). While the fusion proteins were accumulated at a comparable level, the GVG:ACS7 FL -Flag and GVG:ACS7
-Flag etiolated seedlings produced approximately equal levels of ethylene (Fig. 5D) . These results suggest that deletion of the N-terminal 1-14 residues does not affect the enzymatic activity of ACS7.
Then, the degradation rates of ACS7 -Flag seedlings, even after 8 h of CHX treatment (Fig. 6A) . Consistent with these observations, the transgenic seedlings overexpressing ACS7
-Flag displayed more severe ethylene response (Fig. 6C ). All these observations confirm the higher stability of ACS7 Δ1-14 -Flag than ACS7 FL -Flag protein, further supporting the idea that the N-terminal residues 1-14 function in the degradation of ACS7.
The N-terminus mediates ACS7 degradation through the 26S proteasome pathway
It has previously been reported that ACS7 is degraded through the ubiquitin-26S proteasome pathway (Lyzenga et al., 2012) . To determine whether the N-terminal regionmediated degradation of ACS7 depends on the ubiquitin-26S proteasome pathway, DEX-pre-treated GVG:ACS7 FL -Flag and GVG:ACS7 Δ1-14 -Flag transgenic seedlings were incubated with the proteasome inhibitor MG132, and CHX was used to stop protein synthesis. As shown in Fig. 7 , an 8 h treatment with CHX resulted in a significant decline in the ACS7 -Flag transgenic seedlings was not affected by MG132 treatment (Fig. 7) , suggesting that the first N-terminal subdomain (residues 1-14) plays an important role in ubiquitin-26S proteasome-mediated ACS7 degradation.
Discussion
All three types of ACS isozymes in Arabidopsis have been suggested to be degraded through the ubiquitin-26S proteasome pathway (Wang et al., 2004; Joo et al., 2008; Lyzenga et al., 2012) . In type 1 and 2 ACS proteins, the C-terminal non-catalytic domains act as the target sites for the post-translational modification. Here, we demonstrate that the non-catalytic N-terminal region of ACS7, the only type 3 ACS in Arabidopsis, is involved in the negative regulation of its protein stability. Fusing a polypeptide of interest to a reporter is a simple and convenient method of preliminarily characterizing the functions of the polypeptide (Yoshida et al., 2006; Joo et al., 2008) . Fusing either residues 1-54 or 1-14 of the N-terminus of ACS7 to GUS significantly reduced the accumulation of this reporter in the light-grown ACS7 :N 7(1-54) -GUS transgenic seedlings (Figs 2B, 4B; Supplementary Fig. S2A at JXB online), suggesting the presence of a destabilization signal in the N-terminal 14 residues of ACS7. ACS5 is a type 2 ACS isozyme whose post-translational regulation has been extensively studied. In contrast to the findings for N 7(1-54) -GUS, the protein level of N 5(1-40) -GUS transgenic seedlings changed in parallel with its transcript level and did not decline upon CHX treatment (Fig. 2D, E) , indicating that the N-terminus of ACS5 was not involved in its posttranslational regulation. This result indirectly supports the previous conclusion that it is the C-terminus of ACS5 that is responsible for the regulation of its protein stability. The most substantial evidence for the destabilization function of the ACS7 N-terminus came from the in vivo protein degradation assay, which showed that the truncated ACS7 protein lacking the N-terminal 1-14 residues was more stable than the full-length ACS7 protein in the light-grown transgenic seedlings (Fig. 6A) .
Further analyses revealed that this N-terminus-mediated regulation of ACS7 was modulated by developmental and environmental cues. Both full-length ACS7 and N 7 -GUS fusion proteins were more stable in etiolated seedlings than in light-grown seedlings (Figs 3A, 6A; Supplementary Fig.  S6 at JXB online). This result is consistent with the previous report showing that ACS7 has a relatively long half-life in the etiolated seedlings (Yoon and Kieber, 2013a) , suggesting that ACS7 may make a major contribution to the production of ethylene at this developmental stage. This possibility was also supported by our previous observation that the level of ethylene emitted by 3-day-old etiolated acs7 mutants is reduced to approximately one-third that in the corresponding wild-type control (Dong et al., 2011) . The transcription of ACS7 was previously reported to be positively regulated by exogenous ACC/ethylene and greatly suppressed in the ethylene-insensitive mutant etr1-1 (Wang et al., 2005; Tang et al., 2008) . Ethylene has been suggested to play a positive role in salt tolerance (Cao et al., 2007) . Here, it is demonstrated that both ACC and salt treatments also suppressed the N-terminusmediated degradation of ACS7 (Fig. 3B, C; Supplementary  Fig. S6 ). This positive feedback regulation of the expression of ACS7 may be responsible for maintaining the high rates of ethylene production during specific processes. Taken together, these results reveal that a complex and delicate regulatory mechanism optimizes the expression of a distinct ACS gene to fine-tune the level of ethylene production in a given cellular environment.
ACS7 is ubiquitinated by the RING-type E3 ligase XBAT32 and degraded through the ubiquitin-26S proteasome pathway (Lyzenga et al., 2012) . However, the target site of XBAT32 has not been reported. In this study, it was also found that the proteasome inhibitor MG132 could inhibit the degradation of full-length ACS7, but had no effect on the N-terminal truncated ACS7 protein, implying that the N-terminal 14 residues were involved in the proteasomal degradation of ACS7 (Fig. 7) . At the end of the canonical proteasome proteolysis pathway, the activated ubiquitin moieties are bound to the lysine residues in the target protein (Smalle and Vierstra, 2004) . However, there is no lysine residue in the N-terminal 14 residues of ACS7 (Fig. 1A) , implying that this region does not contain the target site for ubiquitination. The precise mechanism underlying the N-terminus-mediated degradation of ACS7 and its relationship to XBAT32 remains to be determined.
Recent studies demonstrate that 14-3-3 proteins could interact with all three types of ACS proteins and increase their stability in Arabidopsis, indicating that there is a mechanism to control these proteins in a C-terminal-independent manner (Yoon and Kieber, 2013a, b) . The protein degradation pathway that relates the in vivo stability of a protein to the nature of its N-terminal amino acid residue was named the 'N-end rule pathway'. This pathway is part of the ubiquitin-proteasome system in eukaryotes (Graciet and Wellmer, 2010) . A previous study on the N-end rule pathway showed that the N-terminal 93 amino acids of Arabidopsis ACS4, a type 2 ACS isozyme, contained a degradation signal (Schlögelhofer and Bachmair, 2002) , suggesting the importance of the N-terminus in the regulation of ACS genes. Our results suggest that at least residues 1-40 of the N-terminus of ACS5 (the region immediately upstream of the conserved catalytic fragment of the ACS family) were not required for its post-translational regulation (Fig. 2D, E) . Based on the sequence alignment, the 14-residue N-terminal fragment of ACS7 extended beyond the N-terminus of type 2 ACSs, and had little amino acid homology among type 3 ACS members. The type 1 ACSs also contain N-termini longer than type 2 ACSs (Fig. 1A) . Based on these findings, two questions arise: (i) is the N-terminus-mediated regulatory mechanism ubiquitous in the type 3 ACS isozymes from different plant species; and (ii) do the long N-termini of type 1 ACS proteins also affect their protein levels? Both of these questions remain to be answered. Protein phosphorylation/dephosphorylation is an important regulatory mechanism underlying ACS protein stability. A recent study demonstrated that ACS7 can be phosphorylated at Ser216, Thr296, and Ser299 by AtCDPK16 in vitro, and the phosphorylated ACS7 has a lower K m value than the non-phosphorylated form (Huang et al., 2013) . The effects of phosphorylation at these sites on the protein stability of ACS7 are still unclear. The NetPhos 2.0 program (http:// www.cbs.dtu.dk/services/NetPhos/, last accessed 11 May 2014) revealed a putative serine phosphorylation site (Ser11) in the N-terminal 14 residues of ACS7 ( Supplementary  Fig. S7 at JXB online) (Blom et al., 1999) . Whether Ser11 is phosphorylated in vivo and involved in the N-terminusmediated post-translational regulation of ACS7 merits further investigations.
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